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7KLVSDSHUSUHVHQWVLQYHVWLJDWLRQVLQWRWKHGHYHORSPHQWRIDFRQWUROVWUDWHJ\ORZHUOLPE
H[RVNHOHWRQGHYLFHIRUHOGHUO\SHRSOH7KHH[RVNHOHWRQLVGHVLJQHGWRHQKDQFHWKHORZHU
OLPEFDSDELOLW\DQGSURYLGHVXSSRUWWRUTXHWRDXJPHQWWKHWRUTXHRINQHHDQGKLSGXULQJ
WKH ZDONLQJ F\FOH 3URSRUWLRQDO GHULYDWLYH IX]]\ ORJLF FRQWUROV DUH GHVLJQHG DQG
LPSOHPHQWHG LQ WKLV ZRUN 7KH YLVXDO 1DVWUDQ ' VRIWZDUH LV XVHG WR GHYHORS D
VLPXODWLRQ PRGHO RI WKH H[RVNHOHWRQ DQG D KXPDQRLG IRU WHVW DQG YHULILFDWLRQ RI WKH
GHYHORSHGFRQWUROPHFKDQLVP6LPXODWLRQ UHVXOWVGHPRQVWUDWLQJ WKHSHUIRUPDQFHRI WKH
DGRSWHGDSSURDFKDUHSUHVHQWHGDQGGLVFXVVHG.
,1752'8&7,21
7KH LQFUHDVLQJ WUHQG LQDJHLQJSRSXODWLRQKDVEHFRPHDFKDOOHQJHRQDJOREDO
VFDOH7KH:RUOG+HDOWK2UJDQL]DWLRQ:+2VWDWLVWLFVVKRZWKDWWKHELUWKUDWH
LQ DOO UHJLRQV KDV GHFUHDVHG DQG WKH SURSRUWLRQ RI ROG SHRSOH DERYH  KDV
LQFUHDVHGIURPLQWRLQDQGLVHVWLPDWHGWRULVHWRE\
 >@:DONLQJ LV RQHRI WKHPRVW FRPPRQKXPDQ IHDWXUHV1RUPDOO\ WKH
HOGHUO\SHRSOHFDQQRWNHHS WKHLU VWHS OHQJWKDQG WKHLU OHJPXVFOHSRZHUPRVW
SHRSOHZLOOH[SHULHQFHPRELOLW\SUREOHPVZKHQWKH\EHFRPHROG7KLVVLWXDWLRQ
LV EHFRPLQJ PRUH VHULRXV HVSHFLDOO\ LQ GHYHORSHG FRXQWULHV 0DQ\ W\SHV RI
WUDQVSRUW PHFKDQLVP VXFK DV WKH FODVVLF FUXWFK RU ZKHHOFKDLU KDYH EHHQ
GHYHORSHGWRKHOSWKHHOGHUO\7KHVHDUHRIOLPLWHGEHQHILW
$ NH\ GHYHORSPHQW LQ DGGUHVVLQJ WKH SUREOHP RI PRELOLW\ FRXOG EH WKH
H[RVNHOHWRQV\VWHPZKLFKLVWKHIRFXVRIWKLVSDSHU7KHSDSHULVRUJDQL]HGDV
IROORZV 6HFWLRQ  SUHVHQWV D EULHI EDFNJURXQG RI WKH H[RVNHOHWRQ 6HFWLRQV 
DQG  GHVFULEH WKH KXPDQRLG PRGHO DQG WKH GHVLJQHG H[RVNHOHWRQ ZLWK WKH
FRQWUROVWUXFWXUHDQG6HFWLRQSUHVHQWVWKHVLPXODWLRQUHVXOWVDQGWKHSDSHULV
FRQFOXGHGLQ6HFWLRQ

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7KHDVVLVWLYHH[RVNHOHWRQLVFRQVLGHUHGDVRQHRIWKHPRVWVDOXWDU\LQYHQWLRQVRI
PRGHUQVFLHQFH>@,WLVDW\SHRILQFRUSRUDWLRQPHFKDQLVPZKLFKFDQEHZRUQ
E\ HOGHUO\ WR HQKDQFH DQG DXJPHQW WKHLU ORZHU OLPE VWUHQJWK >@ 6LJQLILFDQW
QXPEHURIUHVHDUFKHUVKDYHFRQVLGHUHGWKHGHYHORSPHQWRIDVVLVWLYHGHYLFHVIRU
HPSRZHULQJRUUHKDELOLWDWLRQ7KHDLPLVWRDXJPHQWUHGXFHGSRZHURIWKHMRLQW
DQGFDUU\SDUWRIWKHERG\ZHLJKWRUXVHDVDLGDQGVXEVWLWXWHWKHKXPDQOLPE>
@
([RVNHOHWRQVXVHGIRUUHKDELOLWDWLRQFRXOGEHFODVVLILHGLQWRWZRW\SHVWKH
LPPRELOH URERW H[RVNHOHWRQ DQG WKH RYHU JURXQG H[RVNHOHWRQ (DUOLHU
H[RVNHOHWRQVXVHGIRUUHKDELOLWDWLRQZHUHWUHDGPLOOEDVHGJDLWGHYLFHV7KLVW\SH
RIV\VWHPZDVRULJLQDOO\GHVLJQHGWRHQDEOHWKHSDWLHQWWRKDYHJDLWWUDLQLQJLQD
ULJLGDQGFRQILQHGVSDFH>@$V\VWHPIRUERG\ZHLJKWVXSSRUWZDVXVHGLQ
WKH WUHDGPLOO SUHGHWHUPLQHG SDWWHUQ IRU ZDONLQJ ZDV XVHG DQG QRUPDOO\
YDULDWLRQ ZDV QRW DOORZHG ZLWKLQ WKH JDLW SDWWHUQ 6RPHWLPHV YLUWXDO UHDOLW\
HQYLURQPHQWZDVXVHG WKDWPD\ERWK LQGXFHDQGSRZHUWKHSDWLHQW WRSHUIRUP
WKHPRYHPHQWDFWLYHO\
7KHURERNQHHZDVSURGXFHGLQWRHQKDQFHDQGVWUHQJWKHQWKHZHDUHU¶V
PXVFOH7KHV\VWHPXVHVDVHULHVHODVWLFDFWXDWRUWRSURGXFHORZLPSHGDQFHDQG
KLJK IRUFH 3' FRQWUROOHU LV XVHG WR FRQWURO WKH IRUFH 7KHUHIRUH WKH PDLQ
SXUSRVHRIWKHURERNQHHLVWRHQKDQFHWKHWRUTXHRIWKHKXPDQMRLQWV>@,Q
 WKH 8QLYHUVLW\ RI 1RUWKHDVWHUQ GHYHORSHG DQ DFWLYH NQHH UHKDELOLWDWLRQ
GHYLFH $.52' 7KH JRDO RI WKH GHYLFH ZDV WR KHOS VWURNH SDWLHQWV E\
SURYLGLQJ UHKDELOLWDWLRQ DQG LPSURYLQJ WKH JDLW UHVWRUDWLRQSURFHVV7KH\ XVHG
HOHFWUR UKHRORJLFDO IOXLG DFWXDWRU RQ RQH VLGH WR FUHDWH D UHVLVWDQFH WR WKH
PRYHPHQWRIWKHKHDOLQJMRLQWWRKHOSWKHPXVFOHVWUHQJWK>@
+\EULGDVVLVWLYHOLPE+$/DVDZHDUDEOHURERWKDVEHHQGHVLJQHGE\WKH
-DSDQHVHFRPSDQ\&\EHUG\QHIRUGLIIHUHQWIXQFWLRQV7KHPDLQJRDOLVWRKHOS
HOGHUO\SHRSOHLQWKHLUZDONLQJ+$/FRQVLVWVRIWKUHHPDLQSDUWVVNHOHWRQDQG
DFWXDWRU FRQWUROOHU DQG VHQVRU $OXPLQXP DOOR\ DQG VWHHO DUH XVHG LQ WKH
FRQVWUXFWLRQ'&DFWXDWRUXVHG IRUJHQHUDWLQJ WKH UHTXLUHG WRUTXH IRUERWKKLS
DQGNQHHPHDVXULQJXQLW SRZHU VXSSO\ DQG WKH FRQWUROOHU DUH LQFOXGHG LQ WKH
EDFNSDFN)RUFHVHQVRULVXVHGLQWKHVROHRIWKHIRRWWRPHDVXUHJURXQGUHDFWLRQ
IRUFH ZKLOH (0* PHDVXUHPHQW VHQVRU LV DWWDFKHG WR VNLQ VXUIDFH RI OHJ WR
HVWLPDWHWKHPXVFOHDFWLYLW\>@
:HDUDEOH ZDONLQJ KHOSHU ::+ LV D JUDYLW\ FRPSHQVDWLRQ ZHDUDEOH
H[RVNHOHWRQ GHYHORSHG WR HQKDQFH WKH DPEXODWH IXQFWLRQV RI GLVDEOHG DQG
HOGHUO\SHRSOH >@7KH WRUTXHSURYLGHGE\::+WRDVVLVW WKH ORFRPRWLRQRI

SDWLHQW LV SURSRUWLRQDO WR WKH WRUTXH FDOFXODWHG EDVHG RQ DSSUR[LPDWHG KXPDQ
PRGHO $QRWKHU H[RVNHOHWRQ GHYHORSHG WR SURYLGH DVVLVWDQFH WR WKH HOGHUO\
SHRSOH LQZDONLQJ LVZDONLQJ SRZHU DVVLVW OHJ :3$/ >@ ,W XVHV D K\SLUG
FRQWUROPHFKDQLVPEDVHGRQMRLQWDQJOHVYHORFLWLHVDQGLQWHUDFWLRQIRUFHV
6<67(002'(/
Humanoid 
7KHKXPDQRLGPRGHO LV GHYHORSHG VR DV WR UHVHPEOH KXPDQOLNHSK\VLFDO DQG
IXQFWLRQDOFKDUDFWHULVWLFV>@7KHKXPDQPRGHOVHJPHQWSDUDPHWHUVZHUHEXLOW
DFFRUGLQJWR WKHDQWKURSRPHWULFGDWDSUHVHQWHGE\:LQWHU$KXPDQRLG
PRGHORINJZHLJKWDQGPKHLJKWLVXVHGLQWKLVZRUN7KHKXPDQRLGZDV
GHVLJQHG LQ 9LVXDO 1DVWUDQ ' 91' VRIWZDUH HQYLURQPHQW 7KH 91'
DOORZVGHYHORSPHQWRIVLPXODWLRQPRGHOVRIFRPSOH[PHFKDQLFDOV\VWHPVHDVLO\
>@)XUWKHUPRUHLWOLQNVZLWK0DWODE6LPXOLQNIRUGHYHORSPHQWDQGWHVWLQJRI
FRQWUROOHUV ,Q WKH KXPDQRLG PRGHO WKH KLS DQG NQHH MRLQWV IROORZ UHIHUHQFH
WUDMHFWRULHV IURP&OLQLFDO *DWH $QDO\VLV &*$ GDWD ZKLFK ZDV FROOHFWHG E\
UHFRUGLQJYLGHRPRWLRQ IRU VWDQGDUGZDONLQJF\FOH:KLOH WKHDQNOHPRWLRQ LV
GHILQHGDV
 XDQNOH /WKVLQࣂࢎ/VKVLQࣂ࢑ 
 Y DQNOH /WKFRVࣂࢎ/VKFRVࣂ࢑ 
ZKHUHࣂࢎ DQGࣂ࢑ DUH WKH KLS DQG NQHH MRLQW DQJOHV UHVSHFWLYHO\ /WK DQG /VK
UHSUHVHQWWKHOHQJWKRUKHLJKWRIWKLJKDQGVKDQNUHVSHFWLYHO\
7KHVHZKHUH/WK PP/VK PPLQWKLVZRUN
Exoskeleton 
7KHH[RVNHOHWRQFDQSHUIRUPPDQ\IXQFWLRQVDQGLWVPDLQSXUSRVHLQWKLVZRUN
LVWRDVVLVWPRELOLW\IRUHOGHUO\7KHVHFRQGSXUSRVHLVWRSURYLGHDVVLVWLYHWRUTXH
WRUHGXFHWKHWRUTXHHIIRUWUHTXLUHGRIWKHKXPDQRLGMRLQWGXULQJWKHZDONLQJ
F\FOH /LJKW ZHLJKW DQG ORZ FRVW PDWHULDO DUH WKH PDLQ PHFKDQLFDO GHVLJQ
FRQVLGHUDWLRQV*ODVVILEHUUHLQIRUFHGSRO\PHU*)53LVXVHGLQWKLVZRUN7KH
H[RVNHOHWRQZDVGHVLJQHGXVLQJVROLGZRUNVVRIWZDUH,WSURYLGHVEDFNVXSSRUW
DQGFRQVLVWVRIZDLVWWKLJKDQGVKDQNSDUWVDQGVROHVKLSDQGNQHHMRLQWV>@
6HQVRUV DUH XVHG WR SURYLGH IHHGEDFN LQIRUPDWLRQ EDVHG RQ PHDVXUHPHQWV RI
RULHQWDWLRQ DQG WRUTXH DW KLS NQHH DQG DQNOH MRLQWV 7KH ILQDO GHVLJQ ZDV
LQFRUSRUDWHGLQWRWKHKXPDQRLGPRGHODVVKRZQLQ)LJXUH


)LJXUH+XPDQRLGDQGH[RVNHOHWRQMRLQW
&21752/6758&85(
7KH FRQWUROPHWKRGRORJ\ SOD\V VLJQLILFDQW SDUW LQ FRQWUROOLQJ WKH H[RVNHOHWRQ
7KHH[RVNHOHWRQLVUHTXLUHGWRIROORZWKHKXPDQPRYHPHQWDQGWKLVPDNHVWKH
H[RVNHOHWRQ V\VWHP PRUH FRPSOH[ > @ ,W LV HYLGHQW IURP WKH UHYLHZ RI
SUHYLRXV ZRUN WKDW WKH PDLQ LVVXH RI HOGHUO\ PRELOLW\ LV ERG\ ZHLJKW 7KXV
VXSSRUW VKRXOG EH SURYLGHG E\ WKH H[RVNHOHWRQ V\VWHP WR WKH XVHU 7KH
IXQGDPHQWDOJRDORIWKHFRQWUROPHWKRGLVWRPHDVXUHWKHIRUFHUHTXLUHGDWHDFK
ORZHUOLPEMRLQWVGXULQJWKHZDONLQJF\FOHWKHQWKHH[RVNHOHWRQV\VWHPVKRXOG
EH FRQWUROOHG LQ DZD\ WRSURYLGH DQ DVVLVWLYH IRUFH WR WKH XVHU7ZR VHSDUDWH
FRQWUROOHUVDUHGHYLVHGRQHIRUWKHKXPDQRLGPRGHODQGRQHIRUWKHH[RVNHOHWRQ
SURYLGLQJDQGRI WKH RYHUDOO WRUTXH UHVSHFWLYHO\ LH RI SRZHU
ZLOO GULYH WKH KXPDQRLG DQG WKH RWKHU  RI WKH SRZHU ZLOO GULYH WKH
H[RVNHOHWRQ7KHRULHQWDWLRQZLOOEHFRQWUROOHGIRUWKHKXPDQRLGORZHUOLPEWR
IROORZ SUHGHILQHG UHIHUHQFH WUDMHFWRU\ 7KH WRUTXH RI HDFK MRLQW LV FDOFXODWHG
GXULQJWKHZDONLQJF\FOH
Fuzzy Logic Controller 
)X]]\ORJLFFRQWURO)/&LVFRQVLGHUHGLQWKLVZRUNIRUFRQWURORIWKHKXPDQRLG
DQG WKH H[RVNHOHWRQ0DPGDQL W\SH IX]]\ UXOH LV XVHGZLWKPXOWLLQSXW VLQJOH
RXWSXW0,62VWUXFWXUHDVVKRZQLQ)LJXUH7KHLQSXWVRIWKHV\VWHPDUHWKH
HUURUDQGFKDQJHRIHUURU7KHRULHQWDWLRQRIORZHUOLPEMRLQWVKLSDQGNQHHDUH
LQGHSHQGHQWO\ FRQWUROOHG E\ 3'IX]]\ ORJLF VWUXFWXUHV ZKLFK WKH VLPLODU UXOH
EDVHV7KXVWKHUHDUHIRXULQGHSHQGHQW)/&V)/&)/&)/&DQG)/&
RQH IRU HDFK MRLQW LQWHJUDWLQJ WZR LQSXWV DQG RQH RXWSXW IRU HDFK )/& )LYH
*DXVVLDQPHPEHUVKLS IXQFWLRQV 0)V DUH XVHG 7KHVH DUH SRVLWLYH ELJ 3%
SRVLWLYH VPDOO 36]HUR =QHJDWLYH VPDOO 16DQGQHJDWLYHELJ 1%$OO
)/&VXVHRULHQWDWLRQHUURUHDQGFKDQJHRULHQWDWLRQHUURU¨H7KHVDPHGHVLJQ
LV XVHG IRU DOO )/&V WKXV RQO\ RQH IX]]\ ORJLF FRQWUROOHU VWUXFWXUH LV
LPSOHPHQWHGIRUDOOWKHVLWXDWLRQV7KHIX]]\UXOHEDVHLVVKRZQLQ7DEOH


)LJXUH,QSXWRXWSXWDQG0)VRI0,62V\VWHP
7DEOH7KHIX]]\UXOH

)RXU3'OLNHIX]]\ORJLFFRQWUROOHUV)/&VDUHGHYHORSHGLQWKLVZRUN7KH
3'IX]]\FRQWUROLVGHVLJQHGLQ0DWODE6LPXOLQNOLQNHGZLWK91HQYLURQPHQW
7KH FRQWURO VWUXFWXUH LV VKRZQ LQ )LJXUH  3' JDLQV DQG WKH IX]]\ VFDOLQJ
IDFWRUVZHUHWXQHGKHXULVWLFDOO\
7KH REMHFWLYH RI WKH SURSRVHG FRQWURO DSSURDFK LV WR SURYLGH DQ DVVLVWLYH
WRUTXHWRHQKDQFHWKHFDSDELOLW\RIHOGHUO\SHRSOHWRZDON7KH*&$GDWDLVXVHG
DVUHIHUHQFHLQWKLVZRUN7KHRXWSXWVRIWKHFRQWUROOHUDUHWKHWRUTXHRIOHIWKLS
OHIWNQHHሺ݈߬݇ሻULJKWKLSሺ߬ݎ݄ሻDQGULJKWNQHHሺ߬ݎ݇ሻ7KHVHRXWSXWVDUHXVHGWR
FRQWUROWKHKLSDQGNQHHMRLQWVEDVHGRQWKHFRUUHVSRQGLQJUHIHUHQFHVZKLFKDUH
VHQWWRERWKWKHKXPDQRLGDQGWKHH[RVNHOHWRQDFWXDWRUVLQ91'

)LJXUH&RQWUROV\VWHPVWUXFWXUH
6,08/$7,215(68/76
5HIHUHQFH WUDFNLQJSHUIRUPDQFHVRI WKHFRQWURO V\VWHPIRUKLSDQGNQHH MRLQWV
DUHVKRZQLQ)LJXUHVDQG7KHUHGVROLGOLQHLVWKHDFWXDOWUDMHFWRU\DQGEOXH

OLQH LV WKHGHVLUHG WUDMHFWRU\ ,W LVQRWHG WKDW WKH3'IX]]\ ORJLFFRQWUROOHUKDV
DFKLHYHGJRRGWUDFNLQJSHUIRUPDQFHWKDQWKHFRQYHQWLRQDO3,'DSUHYLRXVZRUN
RIWKHDXWKRUV>@






)LJXUH+LSMRLQWWUDMHFWRU\WUDFNLQJ






)LJXUH+LSMRLQWWUDMHFWRU\WUDFNLQJ
7KH WRUTXH RI KXPDQRLG IRU KLS DQG NQHH MRLQWV PHDVXUHG GXULQJ WKH
ZDONLQJ F\FOH LV LOOXVWUDWHG LQ )LJXUH  ,W LV QRWHG WKDW WKH WRUTXH IRU WKH KLS
MRLQWZDVEHORZ1PWKURXJKWKHZDONLQJF\FOHDQGWKHWRUTXHIRUWKHNQHH
MRLQWZDV EHORZ 1P WKURXJK WKHZDONLQJ F\FOH 7KHVH FRQIRUP WR QRUPDO
WRUTXHOHYHOVLQSUDFWLFH







)LJXUH7RUTXHSURILOHVRIKXPDQRLGGXULQJZDONLQJ
)LJXUH  VKRZV WKH WRUTXH SURILOH RI WKH KLS DQG NQHH MRLQWV IRU WKH
KXPDQRLG DQG H[RVNHOHWRQ ,W LV QRWHG WKDW WKH H[RVNHOHWRQ KDV SURYLGHG WKH
QHFHVVDU\DXJPHQWDWLRQWRWKHKXPDQRLGMRLQWWRUTXHVGXULQJWKHZDONLQJF\FOH
E\ VXSSO\LQJ 1P WR WKH NQHH MRLQW DQG 1P WR WKH KLS MRLQW 7KHVH DUH
ZLWKLQ RI WKHP DUH DFFHSWDEOH UDQJH DV UHFRPPHQGHG E\ /RZ >@ WKH
PD[LPXP DVVLVWLYH WRUTXH WR HQKDQFH WKH KLS MRLQW VKRXOG EH ORZHU WKDQ 
1PDQGIRUNQHHMRLQWVKRXOGEHORZHUWKDQ1P7KHFRUUHVSRQGLQJ9LVXDO
1DVWUDQ FDSWXUHG LPDJHRI WKHKXPDQRLGZLWK H[RVNHOHWRQGXULQJ WKHZDONLQJ
F\FOHLVVKRZQLQ)LJXUH







)LJXUH7RUTXHSURILOHVRIKXPDQRLGDQGH[RVNHOHWRQGXULQJZDONLQJ

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